Abstract: Interaction of human plasma fibrinogen (HPF) with fumed nanosilica A-300 in a phosphate buffer solution (PBS) was studied using 1 H NMR spectroscopy with layer-by-layer freezing-out of bulk and interfacial water in the temperature range of 210-273 K, TSDC (90 < T < 265 K), adsorption, FTIR, and UV spectroscopy methods. An increase in concentration of HPF in the PBS leads to a decrease in amounts of structured water (frozen at T < 273 K) because of coagulation of HPF molecules. Addition of nanosilica to the HPF solution strongly reduces the amounts of structured water because of adsorption interaction of HPF molecules with silica nanoparticles, self-association of HPF molecules, formation of denser packed hybrid agglomerates with HPF and silica, and lastly, because of conformational changes of HPF. A monolayer adsorption capacity of A-300 corresponds to 156 mg of HPF per gram of silica. The FTIR and UV spectra show that the HPF adsorption on silica leads to structural changes of the protein molecules. These changes and formation of hybrid HPF/A-300 aggregates can increase the rate of clotting that is of importance on nanosilica application as a component of tourniquet preparations.
Introduction
Fumed nanosilica produced by high-temperature hydrolysis of SiCl 4 in an O 2 /H 2 flame is characterized by a high specific surface area of 50-500 m 2 /g, primary particles of 5-50 nm in size and a stepwise structural hierarchy with aggregates (50-500 nm in size) of primary particles, agglomerates (1-50 μm) of aggregates and visible flocks [1, 2] . Nanosilica can be used not only as an industrial material but also as a medical enterosorbent characterized by a high adsorptive capability with respect to proteins and toxins [3, 4] . In the case of contact with nanosilica, which can be used as a component of tourniquet preparations or an adsorbent on washing of organ cavities with damaged tissues by a diluted suspension, silica nanoparticles can interact with blood. This interaction can strongly affect the state of blood because of coagulation of plasma proteins (fibrinogen (HPF), albumin, etc.) with nanoparticles, conformational changes of adsorbed macromolecules, hemolysis of red blood cells (RBCs), etc. Human plasma fibrinogen (molecular weight M w ≈ 340 kDa) is composed of two identical molecular halves consisting of three non-identical Aα-, Bβ-and γ-chain subunits (compared in size with primary silica nanoparticles) held together by multiple disulfide bonds; or according to another model, a HPF molecule includes one central nodule (E domain) and two identical outer nodules (D-domains) linked by two coiled-coil regions ( Fig. 1 ) [5] [6] [7] [8] . HPF molecules have "loose ends" which are extremely mobile that can be functionally important [8] , also they can play a specific role on the adsorption of HPF especially onto non-planar surfaces, like nanosilica. Thrombin initiates the clotting of fibrinogen by proteolysis, thus splitting off fibrinopeptides from the fibrinogen molecule. On addition of thrombin to fibrinogen, initial polymers or protofibers are formed and after reaching certain lengths gel formation takes place due to 3D-interaction between the polymers [9] . These phenomena can be affected by interaction of HPF with nanosilica [3, 4] resulting in certain changes in the clotting.
The effect of surface adsorption on protein structure is important because first adsorption of plasma proteins occurs on blood contact with a foreign material [10, 11] . Fibrinogen as an adhesive protein can strongly bind to physiologic and pathophysiologic surfaces (e.g., cytoplasmic membranes of activated platelets and macrophages, cytoplasmic membrane of tumor cells, circulatory prosthetics and other implantable devices, and atherosclerotic plaques) which are in contact with blood [12] [13] [14] . Interaction of fibrinogen with solid nanoparticles or implants can cause fibrosis [13] [14] [15] [16] [17] . However, fumed nanosilica as an amorphous material composed of spherical nanoparticles is characterized by weak similar negative effects [3, 4, [18] [19] [20] .
Upon adsorption of HPF on a smooth crystalline rutile surface, the mean length and the height of single molecules estimated by AFM were 46 ± 3 nm and 1.4 ± 0.2 nm, respectively. HPF molecules in the adsorbed state look 'thinner' due to interaction with the surface, which can also result in conformational changes of adsorbed and desorbed proteins [21] . AFM investigations of the HPF adsorption to a silica surface show that HPF molecules mainly adsorb through their D and E globules [22] . The HPF adsorption onto titania and hydroxyapatite leaded to a decrease in ordered secondary structure of the protein; the HPF conformation changes further upon washing and desorption, because the α-helix content decreases gradually during the adsorption, washing, and desorption processes [21] . Adsorption of proteins at a hydrophobic surface of silylated silica is irreversible [23] . The hydropathic index for HPF indicates that the E and D domains are substantially more hydrophobic than the αC domains [24] . This could affect the structure of the adsorption complexes of HPF on both hydrophilic and hydrophobic surfaces. NMR spectroscopy is widely used to characterize macromolecules, adsorption layers, interfacial water, etc. However, this method has not been used to study the adsorption of HPF onto nanosilica. Our previous investigations of interactions of bovine serum albumin (BSA) and HSA, gelatin, RBCs, yeast cells, as well as different polymers, with nanosilica using 1 H NMR, FTIR, and UV/vis spectroscopies, thermally stimulated depolarization current (TSDC), adsorption and other methods [25] [26] [27] [28] [29] have shown that the state of interfacial water at the silica surface strongly changes upon adsorption of macromolecules or cells. Interaction of HPF with nanosilica is of special interest because of the medical applications of this material [3, 4] , especially as a component of tourniquet preparations. Therefore, the aim of this work was to study adsorption interactions of fibrinogen with nanosilica varying concentration of components, salinity and pH. Application of several methods such as (i) adsorption of HPF from the aqueous solutions; (ii) UV and FTIR spectroscopy of adsorbed layer with HPF; and (iii) TSDC and 1 H NMR spectroscopy with layer-by-layer freezing-out of bulk and interfacial water interacting with HPF and HPF/nanosilica will allow us to understand more deeply the features of the interaction of HPF with silica nanoparticles that may be of importance for the elucidation of the mechanism of interaction of nanosilica preparations with blood.
Experimental

Materials
Fumed nanosilica A-300 (Pilot plant of the Institute of Surface Chemistry, Kalush, Ukraine, specific surface area S BET = 292 m 2 /g, 99.8 % purity) was heated at 700 K for several hours to remove residual HCl and other adsorbed compounds.
Human plasma fibrinogen was obtained from the plasma of donor blood by fractional salting out with sodium sulfate [30] . Initial HPF concentration (C HP F ) was 2.6 wt% in an aqueous solution at 0.15 mol NaCl. HPF was frozen and stored at 245 K. Before studies, frozen HPF was thawed in a water bath at 308-310 K for 15-20 min and maintained at room temperature for 10 min. To obtain the HPF solutions of given concentrations, a phosphate buffer solution was used for dilution of the initial solution directly before experiments.
Adsorption
Adsorption of HPF on nanosilica A-300 was studied at 293±1 K using 0.2 g of dry A-300 powder and 40 ml of the HPF solution at different concentrations. The HPF adsorption was studied at pH 7.4 because the pH value of blood is 7.35-7.45 [31] . Concentration of HPF before and after the adsorption was spectrophotometrically controlled by using a Specord M-40 (Carl Zeiss, Germany) UV/vis spectrophotometer at λ = 280 nm. For achievement of adsorption equilibrium, the system was incubated for 1.5 h and then centrifuged at 8000 rpm for 15 min. Desorption of HPF was determined for samples with a known content of adsorbed HPF. Standard samples were maintained in phosphate buffer solution at pH 7.4 for 1.5 h, centrifuged for 15 min at 8000 rpm, and desorption was determined by spectrophotometric measurements of the supernatant liquid.
FTIR spectroscopy
The HPF/A-300 suspensions (incubated as in the adsorption investigation) were centrifuged at 8000 rpm for 15 min and the solid residue was dried on filter paper in air at room temperature for 12 h, and then these samples were stirred with KBr (1 : 5) previously dried at 450 o C for 3 h and dispersed by using a vibratory disintegrator. The FTIR spectra were recorded using a FTIR ThermoNicolet spectrophotometer with a diffusive reflection mode over the 4000-400 cm −1 range.
NMR spectroscopy
The 1 H NMR spectra were recorded using a Bruker WP-100 SY spectrometer at high resolution with the probing 90 o -impulses and temperature controlled by a Bruker VT-1000 device. Relative mean errors were ±10% for 1 H NMR signal intensity and ±1 K for temperature. To prevent overcooling of the studied systems, the spectra were recorded upon heating of samples preliminary cooled to 210 K. The signals of water molecules from ice, functionalities of HPF and surface silanols do not contribute the 1 H NMR spectra because of features of the measurement technique and short time (∼10 −6 s) of transverse relaxation of protons in immobile structures, which is shorter by several orders than that of mobile water molecules [29] .
Conditions for the freezing of water at the interfaces corresponds to the equality of the Gibbs free energies of molecules of water and of ice. Lowering the freezing temperature of structured water (T f < 273.15 K) is defined by the reduction of its Gibbs free energy caused by strong inter-molecular interactions (ΔG = G − G 0 < 0, where G 0 is the free energy of ice at 273.15 K [32] ) of water with HPF and silica surfaces disturbing the hydrogen bond network characteristic of bulk water [29] .
The amounts of strongly (C s uw ) and weakly (C w uw ) bound waters (in milligram per gram of a solid material) and the maximal lowering values of the Gibbs free energy of these waters (ΔG s and ΔG w ) can be estimated using a linear extrapolation of appropriate linear portions of the ΔG(C uw ) graphs to the corresponding axis. The area under the ΔG(C uw ) curve determines overall changes in the Gibbs free energy of interfacial water (i.e. interfacial free energy γ S )
where C max uw is the total amount of unfrozen water as T → 273 K, and A is a constant dependent on the type of units used in this equation. A portion of unfrozen water corresponding to ΔG > -0.8 kJ/mol may be considered as weakly bound water [29] .
Water can be frozen in narrower pores in aggregates of silica primary nanoparticles or in narrower pockets of HPF molecules at lower temperatures that can be described by the Gibbs-Thomson relation for freezing point depression for pore liquids [33, 34] 
where T m (R) is the melting temperature of the ice located in pores of radius R, T m,∞ is the bulk melting temperature, ρ is the density of the solid, σ sl is the energy of the solidliquid interaction (e.g. through hydrogen bonding), ΔH f is the bulk enthalpy of fusion, and k is a constant. This equation can be used to calculate the pore size distribution (PSD) [29] as dV uw /dR on the basis of the C uw (T ) curves estimated from the 1 H NMR spectra
where A is a constant, V uw (R) is the volume of pores (as a function of the pore radius) filled by unfrozen water. Eqs. (2) and (3) can be transformed into integral equation, converting dC uw /dT to dV uw /dR with Eq. (3), replacing dV uw /dR for f V (R) and integrating by R,
where R max and R min are the maximal and minimal pore radii (i.e. sizes of unfrozen liquid structures in these pores) respectively, and A is a normalization factor. Solution of Eq. (4) is a well known ill-posed problem due to the impact of noise on measured data, which does not allow one to utilize exact inversion formulas or iterative algorithms. Therefore, Eq. (4) can be solved using a regularization procedure based on the CONTIN algorithm [35] under nonnegativity condition (f V (R) ≥ 0 at any R) and a fixed or unfixed value of the regularization parameter (unfixed α was determined on the basis of the F-test and confidence regions using the parsimony principle). Notice that the shape of f V (R) is insensitive to the A value.
To better describe the PSDs of the studied samples an additional regularizer was derived using maximum entropy principle [36] applied to the distribution function f V (R) which can be written as N-dimension vector (N is the number of the grid points for f )
where VAR is the regularizer, α is the regularization parameter,
The p j ( f) vector corresponds to the maximum entropy principle of the j-order [36] . This procedure was used to modify the CONTIN algorithm (CONTIN/MEM-j where j denotes the order of p j ( f)). The distribution function with respect to the surface area (f S (R)) can be calculated with equation
where w = 1, 2, and 1.36 for slitshaped and cylindrical pores and voids between spherical particles packed in the cubic lattice respectively. The last model was used for the systems with nanosilica and NaCl alone and the model of cylindrical pores was used for other systems. The structural characteristics (Table 1 , S and V ) were calculated by integration of the f S (R) and f V (R) functions for micropores at R < 1 nm, mesopores at 1 < R < 25 nm and macropores at R > 25 nm.
Table 1
Characteristics of weakly (superscript 'w') and strongly (superscript 's') bound waters (in milligram per gram of a solid material) and interfacial energy γ S (in J per gram of unfrozen water) for solution of 0.15 mol NaCl, buffered HPF, suspension of A-300, and HPF/A-300. 
UV spectra
Electronic spectra (λ = 200-400 nm) in a diffusive reflection mode of HPF alone and adsorbed onto nanosilica were recorded using a Specord M-40 (Carl Zeiss, Germany). The HPF/A-300 suspensions were centrifuged at 8000 rpm for 15 min and the solid residue was dried on filter paper in air at room temperature for 12 h.
TSDC
In thermally stimulated depolarization current (TSDC) measurements, samples were polarized by an electrostatic field at an intensity F = (2-5)×10 5 V/m at 265 K for 2 min, then cooled to 90 K with the field still applied and then heated without the field at a heating rate of 0.05 K/s to 265 K. The current evolved due to sample depolarization was recorded by an electrometer over the 10 −15 -10 −7 A range. Relative mean errors for the measured TSD current were ±5%, ±2 K for temperature, and ±5% for the heating rate. The TSDC method (its application to nanooxides, porous materials, polymers, proteins, cells and tissues is described in detail elsewhere [37] ) can be effectively used to analyze the associativity of the interfacial water and the effects of surface composition and active surface sites on the dipolar and direct current (dc) relaxations in wetted powders and aqueous suspensions.
Results and discussion
Adsorption of HPF
The largest size of a HPF molecule (Fig 1a) corresponds to the size of the smallest aggregates (Fig. 1b) composed of dozens of silica nanoparticles. Therefore, very flexible HPF molecules could interact with several silica nanoparticles from the same aggregate or different aggregates simultaneously. This could cause a high nonuniformity of the adsorption layer because adsorbed HPF molecules could create barriers for other HPF molecules to be adsorbed and could inhibit decomposition of aggregates of primary silica particles. The adsorption isotherm at C HP F = 0.0175-0.104 wt% has a shape of the Langmuir isotherm (Fig. 2a) at the adsorption monolayer capacity of 156 mg of HPF per gram of silica. This adsorption corresponds to changes in the Gibbs free energy between -1 and -5 kJ/mol at a maximum at -2 kJ/mol (Fig. 2d) . At high concentrations C HP F > 0.1 wt% (or C eq > 0.3 mg/ml) a sharp increase in the adsorption was observed. This was due to both polymolecular HPF adsorption and a decrease of the average area occupied by a HPF molecule at a higher concentration because of lateral interactions of the adsorbed protein molecules. At the high HPF concentration, the solution became opalescent, that could be caused by coagulation of protein molecules themselves and by their aggregation with silica nanoparticles to form hybrid aggregates (this assumption may be confirmed by the 1 H NMR and TSDC investigations described below). An increase in the turbidity corresponds to a decrease in the optical density at 320 nm. This decrease is stronger (I 320 = 0.075-0.201) (Fig. 3 ) than a typical one (I 320 =0.014±0.006) for HPF alone [38] . This result suggests that stronger coagulation of the HPF molecules occurs in the presence of nanosilica than in the solution of HPF alone. The coagulation effects could be enhanced by interaction of HPF molecules with several primary silica particles simultaneously from the same or different aggregates that leaded to the formation of larger and denser hybrid HPF/silica aggregates and agglomerates. Similar effects were observed on interaction of different proteins with different nanosilicas [25, 27, 28, 39] . The electronic reflection spectra of HPF adsorbed on silica (Fig. 3) at moderate concentrations correspond to that of HPF alone. Broadening of the spectra and their displacement towards shorter wavelengths by 2-3 nm was observed with increasing HPF concentration to 500 mg per gram of silica. This behaviour of adsorbed HPF could be caused by certain conformational changes because of the adsorption interactions, which were also observed in the FTIR spectra (see below). However, these changes are not very strong. Consequently, the state of HPF adsorbed onto nanosilica is close to the native state. This is in agreement with published results on the adsorption of HPF on a hydrophilic surface with oxidized Si [40] or titania [21] . Consequently, nanosilica is characterized by certain biocompatibility with respect to proteins. Interaction of RBCs with pure nanosilica leads to intensive hemolysis [26] . However, the hemolysis strongly decreased with the presence of polymers (e.g. poly(vinyl alcohol), poly(vinyl pyrrolidone)) or plasma proteins or in the case of interaction of whole blood with nanosilica [4, 41] .
The adsorption of HPF (initial C HP F = 0.0795 wt% in the solution) is maximal at pH 5-6 which is close to the pH value of the isoelectric point of HPF. The adsorption slightly decreases (by ∼20% at pH 8) at pH > 6 (Fig. 2b) because the adsorption of proteins is maximal at their isoelectric point [27] . Consequently, the state of HPF is stable at pH 5-8 which is important because HPF can easily denature in strongly acid or base solutions as well as upon adsorption. A similar type of the pH dependence of adsorption is characteristic for other systems in which interaction of proteins with a silica surface occurs predominantly due to electrostatic forces and hydrogen bonds (the main portion of which is due to electrostatic forces). A similar effect is observed for other plasma proteins interacting with nanosilica [4, 27] .
It is known that the adsorption and desorption isotherms of proteins do not coincide. The phenomenon is explained by multicenter binding of macromolecules to a surface and a higher activation energy of desorption (under strong condition of breaking of all the adsorption bonds simultaneously) than that of the adsorption (which can be nonactivated). An increase in concentration of HPF adsorbed on silica leads to an increase in HPF desorption. However, desorption did not exceed 0.002 wt% (Fig. 2c) . Consequently, the adsorption of HPF (monolayer or smaller) on the nanosilica surface is practically irreversible under conditions used here. This could be also caused by the formation of hybrid HPF/silica aggregates and agglomerates in which the HPF molecules interacted with several silica nanoparticles simultaneously. Clearly desorption of HPF from these complex aggregates is much more difficult than from a flat surface.
Interaction of HPF with the silica surface could be analyzed for dried HPF/silica samples on the basis of changes in the FTIR spectra of the OH-stretching vibrations of free surface silanols at 3748 cm −1 with increasing surface concentration (C HP F,ads ) of protein ( Fig. 4) [25, 28] . The increase in the C HP F,ads value leads to a decrease in the intensity of the mentioned band because of the formation of hydrogen bonds between silanols and adsorbed molecules. This band was observed on the adsorption of 500 mg of HPF per gram of A-300 (Fig. 4b) , despite that the monolayer capacity from the adsorption data was much smaller (156 mg/g). This could be caused by at least two reasons: (i) HPF molecules have a complex shape (Fig. 1) ; therefore an occupied area outline of an adsorbed HPF molecule has a complex shape and a portion of undisturbed silanols closely located to this molecule could be inaccessible for other adsorbed HPF molecules; and (ii) not all silanols were accessible for HPF molecules because primary silica particles could form aggregates and a portion of which could remain after interaction with HPF. Consequently, there were certain voids and cavities at the interfaces of dried HPF/silica samples. The first assumption is confirmed by previous results showing that the adsorption of 400 mg BSA (which is much smaller and has a simpler shape than HPF) per gram of A-300 results in complete disappearance of the band of free silanols at 3748 cm −1 [25] . The second assumption is confirmed by a large difference in the amounts of adsorbed globular BSA and linear polymers such as poly(vinyl pyrrolidone) or poly(ethylene oxide) to provide the complete disturbance of free silanols (400 and 180-200 mg/g respectively) [25] . Revealing functionalities of HPF responsible for the formation of hydrogen bonds with the silanols is a complex task because HPF has many different O-and N-containing groups in the D and E globules and mobile 'tails' (Fig. 1a) which could take part in the HPF bonding to the silica surface [22] . Additionally, the positively charged αC domains of HPF [24] (Fig. 1a) or other structures could form the RN-H + · ··O(H)Si≡ bonds. Upon HPF adsorption the content of α-helix slightly decreased [21] . Consequently, peptide bonds could take part in the binding of HPF to the silica surface. Carbonyl stretching vibrations of HPF at 1655 cm −1 shifted slightly towards lower wavenumbers (1640-1637 cm −1 ) in comparison with alone HPF (Fig. 4) [21, 40] . Upon adsorption, there is an increase in turn structure and a decrease in β-sheet structure. The secondary structure of adsorbed HPF on a hydrophilic surface turned out to be rather similar to that of the protein in solution phase with a major α-helix content [40] . The general trend is that the amount of β-sheet decreases and less ordered structures, turns and random coils, increase upon HPF adsorption. β-Sheets of C terminal domains of β and γ chain in fibrinogen are close to the domain centers, whereas α-helices are located at the outer parts of the protein. This indicates a more hydrophobic nature of side chains of β-sheets than of α-helices. Adsorption on hydrophobic surfaces induces extensive conformational changes (greater than upon adsorption onto hydrophilic surfaces), which also disrupt hydrogen bonding within β-sheets. In addition, β-sheets are known to be inflexible; when they attach to a surface, they must soften by releasing their structure and moving to more flexible structures. The structural changes of fibrinogen upon adsorption onto hydrophilic surfaces, e.g. titania, are quite small [21] , as well as in the case of the HPF/nanosilica samples studied here (Figs. 3 and 4) . Additional information related to changes in the state of adsorbed HPF and the structure of the interfaces could be obtained from a study of the HPF/silica systems by the 1 H NMR spectroscopy and TSDC with layer-by-layer freezing-out of bulk and interfacial water at T < 273 K which allows one to distinguish the water layers affected differently by protein molecules, silica surface and dissolved ions of the PBS (which can be concentrated at the interfaces on freezing). Fig. 5a shows the 1 H NMR spectra of unfrozen water in 0.15 mol NaCl solution at different temperatures. Fig. 5b shows the temperature dependence on concentration of unfrozen water per weight unit of salt. The concentration of unfrozen water rapidly decreased with lowering temperature. Nevertheless, certain amounts of water remained unfrozen even at 220 K and lower. There are two practically linear sections of C uw (T ) with different inclination to the X-axis. Notice that similar linear sections were observed for many systems containing interfacial water locating in confined space of pores, voids or pockets. The main reason for this behaviour of pore water is the difference in the surface effects for nearby and distant water layers, cooperativity in structural changes of pore water over a narrow temperature range upon adsorption in narrow pores, and the absence of a similar effect for water adsorbed in broad pores [29] . Concurrence of the lines is observed at 259 K (Fig. 5b) close to temperature of precipitation of eutectic NaCl-H 2 O (T e ). A section of the C uw (T ) graph located at T > T e can be attributed to water unfrozen because of concentrating of the NaCl solution, but another section at T < T e corresponds to water adsorbed on a surface of fine NaCl crystals. It is possible to expect that appearance of strongly hydrated protein molecules and silica nanoparticles in the aqueous solution of NaCl would lead to additional increase in the amounts of unfrozen water. However, on freezing, salt ions can concentrate in the hydrated shells of solid nanoparticles or macromolecules instead of the formation of a bulk phase of the concentrated NaCl solution. To determine localization of components of the solutions on freezing, measurements of the signal width of the 1 H NMR spectra of unfrozen water can be used.
Interfacial water in HPF and HPF/nanosilica solutions
Fig. 5 (a)
1 H NMR spectra of unfrozen water in the aqueous solution of 0.15 mol NaCl at different temperatures; (b) concentration of unfrozen water (mg) per gram of NaCl; (c) 1 H NMR spectra of unfrozen water in the aqueous suspension (0.15 mol NaCl) of silica (9 wt%) at different temperatures; (d) relative intensity of the signal of unfrozen water in the buffer solutions of HPF; and 1 H NMR spectra of frozen solutions of HPF/PBS at C HP F = 1.25 wt% and C NaCl = (e) 0.15 mol and (f) 0.075 mol. Fig. 5c shows the 1 H NMR spectra of unfrozen water in the aqueous suspension with 9 wt% of silica and 0.15 mol NaCl recorded at different temperatures. The width of these spectra is several times larger than that for the NaCl solution alone. A large width of the signal can testify that the concentrating of solution components occurs in the hydrated shells of silica particles because the mobility of water molecules is substantially lower in the adsorbed state and in an immobile portion of the electrical double layer (EDL) than in the bulk [29] .
The signal width of water bound by HPF in the frozen solution of HPF/PBS(NaCl) differs only slightly from that for the frozen solution of NaCl alone. To elucidate localization of salt ions in the HPF/PBS(NaCl)/H 2 O system, the dependence of relative signal intensity on the temperature of unfrozen water was analyzed (Fig. 5d) (intensity is referred to as that before freezing). The presence of HPF caused a sharp increase in the signal intensity of unfrozen water, the total amount of which increased several times except for the sample with 0.6 wt% of HPF for which the I/I 0 values for both solutions were close at low temperatures. Thus, one can assume that the salts (PBS) only slightly contribute to the amounts of unfrozen water in the HPF solutions at C HP F = 1.25 and 2.5 wt%. Therefore similar HPF concentrations were used in the investigations.
Figs. 5e and 5f show the 1 H NMR spectra of unfrozen water in solutions at C HP F = 1.25 wt% and 0.15 mol and 0.075 mol NaCl respectively (NaCl is the main component in the PBS, therefore, only the content of NaCl is shown below) recorded at different temperatures. A decrease in the C NaCl value leads to the appearance of a wide component in the signal at the width and the intensity larger by order than that of the narrow component. As T → 273 it became comparable with the signal of water before freezing. According to previous investigations [29] , the wide component can be attributed to amorphous ice in which the mobility of water molecules is much greater than in bulk ice. This "mobile" ice was formed under action of strong surface forces of silica/protein disordering the ice structure, which resulted in a significant quantity of defects in the crystal lattice (amorphous ice). These defects enhanced the mobility of water molecules in comparison with bulk crystalline ice with much smaller amounts of defects. Fig. 6 shows the relationships between changes in the Gibbs free energy and concentration of unfrozen water for the solutions of (a) HPF/PBS at C HP F = 1.25 and 2.5 wt%; (b) silica at C SiO2 = 4.7 wt% without NaCl and 7.0 and 9.0 wt% at 0.15 mol NaCl, and (c) HPF/PBS and silica. The characteristics of bound water are given in Table 1 . Notice that the ΔG values (Table 1 ) are in agreement with the f (ΔG) function (Fig. 2d) calculated from the HPF adsorption data (Fig. 2a) and Langmuir equation as the kernel of the integral equation solved using the regularization procedure [27] . The graphs of ΔG(C uw ) for the majority of the studied systems have two portions (nearly linear sections) related to both strongly and weakly bound waters. The maximum amounts of bound water (C s uw + C w uw = 14 g per gram of dry HPF) is observed for the solution of HPF at C HP F = 1.25 wt%. As a whole a decrease in the concentration of a dispersion phase (HPF or HPF/A-300) was accompanied by an increase in the interfacial energy (γ S ); i.e. the Gibbs free energy of the interfacial water decreased, and the layer thickness of unfrozen water increased. This was caused by a decrease of particle-particle interactions and diminution of the overlapping of their EDLs in the diluted colloidal systems. In other words, coagulation interaction of the HPF molecules occurred in a distant potential minimum. Addition of nanosilica leads to a sharp decrease of the interfacial energy (Table 1 , γ S ) because of interaction of the HPF molecules with the silica surface (in the short-distance potential minimum) and the corresponding diminution of the amounts of the structured water both strongly (Table 1 , C s uw ) and weakly (C w uw ) bound ones. This could also be caused by conformational changes in the adsorbed HPF molecules. The 'pore' size distributions (PSD) were calculated on the basis of the C uw (T ) graphs and Gibbs-Thomson relation converted into integral equation (4) . The f V (R) and f S (R) functions were used to calculate the structural characteristics of the systems (Table 1) . It should be noted that the use of the model of cylindrical pores gave the specific surface area (in contact with unfrozen water) ( Table 1 , S) close to the specific surface area (S BET = 292 m 2 /g) of dry silica calculated from the nitrogen adsorption isotherm. Fig. 7b and the structural parameters (Table 1) show that certain conformational changes could occur in the solution of HPF with increasing C HP F value from 1.25 to 2.5 wt.%. For instance, the PSD strongly decreases at R = 0.8-8.0 nm and R > 16 nm but it increases at R = 8-16 nm. The surface area (Table 1 , S, S mes , S mac ) in contact with structured water and the 'macropore' volume V mac strongly decrease. However, contributions of narrow pores (S mic , V mic ) and the mesopore volume (V mes ) increase. Thus the HPF molecules tend towards stronger coagulation in the more concentrated solution. The structures with unfrozen water (domains and clusters [29] ) are smaller in the NaCl solution than in the HPF solution (Fig. 7, Table 1) . A similar diminution of the PSD, V mac , and S mac values was also observed for the suspensions of silica with increasing concentration of silica (Fig. 7a, Table 1 ). Notice that the main peak of mesopores locates at R = 10 nm for both concentrated suspensions (C SiO2 = 7 and 9 wt.%, curves 2 and 3) and the dry silica powder (curve 4). The concentration C SiO2 = 7 wt.% corresponds to the bulk density of dry silica A-300 (60-70 g/dm 3 ). However, in the case of the smaller content of silica (4.7 wt.%) this PSD peak shifts towards larger pore sizes; i.e. the distances between particles (between aggregates in agglomerates) increase similar to that for the diluted HPF solution. Therefore, one could assume that aggregates (responsible for the textural porosity of nanosilica) of primary silica particles are similar in the aqueous and gaseous media. The PSD value was much smaller for the suspension of silica than that for the HPF solution because proteins and their oligomers formed a looser structure than solid nanoparticles and their aggregates. The PSDs for the HPF/A-300 systems at C SiO2 = 1.7-3.5 wt% locate between those for individual systems, which are, however, closer to those of fumed silica than that of HPF alone. At C SiO2 = 5.2 wt%, the PSD value was lower than that for silica alone. The surface area of the HPF/silica samples at C HP F < C SiO2 was lower than that of the silica samples (calculated using the model of cylindrical pores). Consequently, the space occupied by unfrozen water in the concentrated HPF/A-300 suspensions strongly decreased in comparison with the systems with HPF and silica alone due to (i) overlapping of the EDL of interacting particles and macromolecules on the HPF adsorption and HPF-HPF coagulation; (ii) compacting of the HPF molecules upon adsorption because adsorbed HPF molecules were flattened due to strong interaction with a solid surface [21, 22] ; and (iii) formation of hybrid aggregates more densely packed than the aggregates of silica nanoparticles with the displacement of the interfacial water into the bulk.
For visualization of the mentioned regularities, the dependence of the interfacial energy γ S is shown as a function of the contents of HPF and A-300 (Fig. 8) . There are several types of the interactions in the system: silica particle-particle, particle-HPF, and HPF-HPF molecules, as well as water-particles, water-HPF, and water-HPF-particle. Points of intersection of the dependences γ S (C HP F )| SiO2 and γ S (C SiO2 )| HP F extrapolated to the ZX coordinate plane correspond to the interfacial energy without one of the mentioned interactions (for silica and HPF). This value for the HPF solution corresponds to the Gibbs free energy of self-association of protein molecules or silica particle-particle themselves. Self-association of HPF molecules gave changes in the γ S value by 600 J/g, and in the case of silica particle-particle interaction it was equal to 200 J/g. It should be noted that the γ S value for the HPF/A-300/PBS system could be even less than that for the aqueous suspension of silica/NaCl at the same concentration. This strong dehydration of protein molecules is well seen in Figs. 6 and 7 and Table 1. Notice that at zero concentration of HPF, all points of the dependence γ S (C SiO2 ) are on a straight line despite one of the suspension of A-300 was without NaCl. This fact confirms the absence of the bulk phase of the salt solution in the frozen aqueous suspensions of silica.
In the case of the adsorption of HPF (Fig. 9 ) changes in the TSDC thermogram are much larger than for A-300 or the HPF solution (Fig. 9a) . The glass-transition 9 (a) TSDC thermograms of fibrinogen (2.5 wt% HPF in aqueous solution with 0.15 mol NaCl) and after addition of fumed silica A-300 (3.5 wt%); and aqueous suspension of A-300 (3 wt%); and (b) corresponding incremental PSD for the HPF/A-300/water and A-300/water calculated using modified Eq. (3) with k as a function of T [37] .
temperature for the HPF/silica system from the TSDC thermogram is approximately 202 K. This temperature corresponds to the appearance of mobile water molecules registered in the 1 H NMR spectra. The activation energy of dc relaxation (caused by the proton and ion conductivity) is greater for HPF/A-300 (E a,dc = 168 kJ/mol) than that for A-300 (75-85 kJ/mol) or ossein/A-300 (90 kJ/mol) [37] . This suggests the formation of stronger complexes of HPF with silica particles than for silica-silica or ossein-silica (because ossein is a small protein at M w ≈ 20 kDa). Calculations of the size distributions of the water clusters (which are similar to the PSDs shown in Fig. 7c ) using the TSDCcryoporometry (Fig. 9b) showed that contribution of water superdomains at R > 1.5 nm [29, 37] increased for HPF/silica in comparison with the aqueous suspension of pure silica. The NMR-cryoporometry gave similar results showing increased contribution of large superdomains of water in the HPF/silica systems in comparison with those for the silica suspensions (Fig. 7) . Certain dehydration of HPF was observed on the adsorption because the PSD of HPH/silica decreased at R < 1.5 nm (Fig. 9b) .
Conclusions
Thus, interaction of fibrinogen molecules with water and nanosilica depends on their concentrations, as well as on pH and salinity of the solution. The adsorption of HPF on nanosilica is practically irreversible and the maximum value of the absorption is observed close to its isoelectric point. The adsorption at C HP F = 156 mg per gram of silica corresponds to the monolayer coverage because subsequent increase in the HPF concentration C eq > 0.3 mg/ml leads to the polymolecular adsorption. However, even at C HP F = 500 mg/g not all surface silanols take part in the hydrogen bonds with adsorbed HPF (in dried residue). Consequently, the HPF/silica interfaces include certain voids (in dried samples) which can be filled by water in the solutions. On freezing of the buffer solution of HPF at C NaCl < 0.15 mol, protein molecules influence the structure of ice in such a way that the mobility of the molecules of water increases which leads to appearance of amorphous ice. This 'mobile' ice is observed in the 1 H NMR spectra as a wide signal at intensity up to 30% of that of water before freezing. In the aqueous medium, HPF molecules can bind significant amounts of water which, however, strongly decreases with increasing concentration of HPF. The interfacial energy on self-association of HPF molecules reaches 600 J/g. Addition of nanosilica to the solution of HPF leads to sharp reduction of the amounts of structured water and the interfacial energy value. This testifies that more intensive coagulation of protein molecules occurs in the presence of nanosilica. The spectral data show that there are certain (but small) conformational changes of adsorbed HPF molecules which can suggest that the amount of α-helix diminishes. This is in agreement with the published results related to the adsorption of HPF onto hydrophilic surfaces. The absence of destructive changes and insignificant structural transformations of the HPF molecules adsorbed on nanosilica suggest that this material has appropriate biocompatibility with respect to plasma proteins.
The proposed technique for calculations of the pore size distributions on the basis of the 1 H NMR and TSDC spectra and modified regularization procedure applied to the integral equation based on the Gibbs-Thomson relation for freezing point depression for pore liquids allowed us to reveal significant changes in the structure of bound and interfacial waters depending on the concentrations of HPF and nanosilica in their aqueous solutions.
